In Japan, breast cancer is the most common cancer among women and the second leading cause of cancer death among women worldwide. To identify genetic variants associated with the disease susceptibility, we performed a genome-wide association study (GWAS) using a total of 1086 Japanese female patients with hormonal receptor-positive (HRP) breast cancer and 1816 female controls. We selected 33 single-nucleotide polymorphisms (SNPs) with suggestive associations in GWAS (P-value of o1 Â 10 À4 ) as well as 4 SNPs that were previously implicated their association with breast cancer for further replication by an independent set of 1653 cases and 2797 controls. We identified significant association of the disease with a SNP rs6788895 (P combined of 9.43 Â 10 À8 with odds ratio (OR) of 1.22) in the SIAH2 (intron of seven in absentia homolog 2) gene on chromosome 3q25.1 where the involvement in estrogen-dependent diseases was suggested. In addition, rs3750817 in intron 2 of the fibroblast growth factor receptor 2 gene, which was reported to be associated with breast cancer susceptibility, was significantly replicated with P combined of 8.47 Â 10 À8 with OR ¼ 1.22. Our results suggest a novel susceptibility locus on chromosome 3q25.1 for a HRP breast cancer.
INTRODUCTION
Nearly 70% of breast cancer is known to be hormone dependent, as estrogen and progesterone have key roles both in the development and progression of the disease. 1, 2 The exposures to higher level and/or for longer period of estrogen such as early menarche, late menopause, late age at first pregnancy, nulliparity, postmenopausal obesity and high serum estrogen level in postmenopausal women is considered to be risk factors for breast cancer. [3] [4] [5] Furthermore, progestin, synthetic progesterone, was shown to markedly increase the risk of breast cancer in postmenopausal women when this hormonal therapy was provided for 410 years. 6 In Japan, breast cancer is the most common cancer among women and its incidence has been doubled in both preand postmenopausal women in the last 20 years, mainly as an estrogen receptor-positive subgroup. 7 Although hormone therapy and radiotherapy are effective, cancer cells often become resistant to these treatments; nearly half of estrogen receptor-positive breast cancer patients at an advanced stage suffer from recurrence [8] [9] [10] and only onethird of hormonal receptor-positive (HRP) patients with metastatic disease respond to radiotherapy. 11 Therefore, new therapeutic options for the disease are eagerly awaited.
The aim of this study is to identify the genetic factors susceptible to HRP breast cancer in the Japanese population and should facilitate the development of novel approaches to prevent and/or treat breast cancer.
MATERIALS AND METHODS Samples
Characteristics of study subjects are shown in Table 1 . Most of the breast cancer cases and all the controls in this study were registered in the BioBank Japan, which begun in 2003 with the goal of collecting DNA and serum samples, along with clinical information from 300 000 individuals who were diagnosed to have any of 47 different diseases from a collaborative network of 66 hospitals in Japan. All cases were diagnosed to have a HRP breast cancer by the following examinations: examination of breast tissue (biopsy or cytology), estrogen receptor and progesterone receptor positivities were evaluated by immunohistochemistry. For the genome-wide association study (GWAS) study, 1086 subjects with HRP breast cancer had been selected as cases (Table 1) ; 846 samples were collected from the BioBank Japan and the remaining 240 samples were collected from collaborative hospitals. Controls for the GWAS consisted of 1816 females including 231 healthy volunteers from the Midosuji Rotary Club, Osaka, Japan. In addition, we also used genomewide screening data of 1585 female samples for 8 diseases registered in the BioBank Japan (Table 1 ). In the replication stage, 1547 cases were obtained from BioBank Japan and 105 cases from the collaborative hospitals. In all, 2797 female controls were registered in BioBank Japan and were genotyped in GWAS for other diseases (Table 1) .
For re-sequencing analysis, we selected 2266 cases with HRP breast cancer from the BioBank Japan. We used 497 female controls with 4 diseases (hepatitis B, keloid, drug eruption and pulmonary tuberculosis) from the BioBank Japan as well as 231 healthy volunteers from the Midosuji Rotary Club, Osaka, Japan. All participating subjects provided written informed consent to participate in the study in accordance with the process approved by Ethical Committee at each of the Institute of Medical Science of the University of Tokyo and the Center for Genomic Medicine of RIKEN.
SNP genotyping
For the first stage, we genotyped 1086 female individuals with HRP breast cancer and 1816 female controls using the Illumina HumanHap 610 Genotyping BeadChip (Illumina, San Diego, CA, USA). We applied our single-nucleotide polymorphism (SNP) quality control standard (call rate of X0.99 in both cases and controls, and Hardy-Weinberg equilibrium test of Po1.0 Â 10 À6 in controls). A total of 453 627 SNPs on autosomal chromosomes and 10 525 SNPs on X chromosome passed the quality control filters and were further analyzed. All control samples for the replication stage were genotyped using the Illumina HumanHap 610 BeadChip (female samples of three diseases as controls). All cluster plots were checked by visual inspection by trained personnel, and SNPs with ambiguous calls were excluded. For cases in the replication study, we used the multiplex PCR-based Invader assay (Third Wave Technologies). 12 In addition, 22 variations resulted from re-sequencing analysis were selected and genotyped in 2266 cases and 728 female controls also using the multiplex PCR-based Invader assay (Third Wave Technologies, Madison, WI, USA).
Statistical analysis
Associations of SNPs were tested by employing the Cochran-Armitage trend test in both the GWA and replication stages. For the combined study, the simple combined method was applied. In the replication analyses, significance level was applied to be P-value of o1.35 Â 10 À3 (calculated as 0.05/37) by Bonferroni correction. Odds ratios (ORs) and confidence intervals were calculated using the non-susceptible allele as a reference. Heterogeneity between the GWAS and replication sets was examined using the BreslowDay test. The genomic inflation factor (lGC) was calculated from the median of the Cochran-Armitage trend test statistics. The quantile-quantile plot of the logarithms of the genome-wide P-values was generated by the 'snpMatrix' package in R program v2.10.0 (see URLs), and the Manhattan plot was generated using Haploview v4.1 (see URLs). 
Imputation
Imputation was performed by referring to the genotype data of Japanese (JPT) individuals as deposited in the Phase II HapMap database using MACH v1.0 (see URLs). Genotypes of SNPs that are located in the genomic region within 500 kb upstream or downstream of the marker SNP (the SNP that showed the strongest association with HRP breast cancer) were imputed. In the process of imputation, 50 Markov chain iterations were implemented. Imputed SNPs with an imputation quality score of r 2 o0.3 were excluded from the subsequent analysis.
Re-sequencing analysis
Initially, we carried out SNP discovery by using DNA samples of 96 cases with HRP breast cancer. We designed 98 sets of primers (Supplementary Table 1 ) using the genomic sequence information from UCSC Genome Bioinformatics data base (NM_005067) to amplify the 22 353 bps (two exons, one intron, 5 0 -UTR and 3 0 -UTR) of the genomic region corresponding to the SIAH2 (intron of seven in absentia homolog 2) gene. For each of the 96 DNA samples, PCRs were performed by using GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA). We performed direct sequencing of the PCR products with the 96-capillary 3730 Â l DNA Analyzer (Applied Biosystems) with Big Dye Terminators (Applied Biosystems) according to standard protocols. All amplified fragments were sequenced by two pairs of sequencing primers. Then SNPs were detected by Sequecher software v4.8 (Gene Codes, Ann Arbor, MI, USA). 
RESULTS
To identify genetic variants susceptible to HRP breast cancer in the Japanese population, we performed a GWAS using 1086 female patients and 1816 female controls with Illumina HumanHap 610k BeadChip (Table 1) . After the quality check of SNP genotyping data, a total of 453 627 SNPs were selected for further analysis. Principal component analysis revealed that all the subjects participating in this study were clustered in the Hapmap Asian population (Supplementary Figure 1S) . A quantile-quantile plot for this GWAS is shown in Supplementary Figure 2S . The genomic inflation factor (lGC) of the test statistic in this study was 1.053 indicating a very low possibility of false-positive associations resulted from the population stratification. Although no SNP achieved genome-wide significance level, 46 SNPs in various chromosomes showed suggestive association (P-valueso1 Â 10 À4 ) as illustrated in Figure 1 . Among these 46 SNPs, we excluded SNPs possessing strong LD (r 2 40.8) and selected 33 SNPs for replication analysis as well as 4 additional SNPs that were previously reported their association with breast cancer and showed P-value of o1.0 Â 10 À2 in GWAS analysis, using an independent set of 1653 female patients and 2797 female controls. Among 37 SNPs analyzed in the replication study, an SNP rs6788895 was successfully replicated with the P-value of o1.35 Â 10 À3 even after the Bonferroni correction (0.05/37) as shown in Table 2 and Supplementary Table 2S . Combined analysis of the results of the GWAS and the replication study suggested strong association of the locus of the SIAH2 gene on chromosome 3q25.1 (rs6788895, P combined of 9.43 Â 10 À8 with OR of 1.22, 95% confidence interval 1.13-1.31) without any significant heterogeneity between the two studies (P heterogeneity ¼ 2.33 Â 10 À01 ).
The SNP rs6788895 was further examined its association with the subgroups of breast cancer, an invasive papilloductal breast cancer group and a HER2-negative breast cancer group, and found significant associations with them (P combined ¼ 3.61 Â 10 À07 , 6.78 Â 10 À06 , OR¼ 1.23, 1.21, respectively) although they did not reach to the genome-wide significant level (Supplementary Table 3S ). Imputation analysis of this locus identified nine additional SNPs in strong LD (r 2 of 40.8) that showed similar levels of association with rs6788895 ( Figure 2a) . The subsequent logistic regression analysis revealed no significant association of these nine SNPs when we accounted the effect of SNP rs6788895. The haplotype analysis found no haplotype revealing stronger association than the single SNP (Supplementary Table 4S ). Although in silico prediction of the functional effect of rs6788895 identified no possible biological effect, one SNP rs2018246 showing strong LD with rs6788895 (r 2 ¼ 0.94), which was located about 0.7 kb upstream from the transcription initiation site of SIAH2, was indicated to be present within the binding site of multiple transcription factors such as STAT1, LEF1, PAX2, which were reported to have some implication to breast cancer. [13] [14] [15] [16] The re-sequencing of 22 353 bps corresponding to the SIAH2 gene identified 10 novel genetic variations in addition to 37 genetic variations reported previously. We further genotyped 22 of the 47 variations after the exclusion of SNPs showing strong LD with the marker SNP (r 2 of 40.8). As a result, we identified no genetic variant showing significant association in HRP breast cancer (Supplementary  Table 5S and Supplementary Table 6S) Furthermore, we examined the association of 37 previously reported SNPs with the HRP breast cancer 17-26 using our sample sets (Supplementary Table 7S ) and found very moderate association of four genetic variants, rs1292011, rs3803662, rs2981579 and rs3750817, with HRP breast cancer in the GWAS phase (P GWAS ¼ 5.89 Â 10 À02 , 6.95Â 10 À03 , 8.68Â 10 À04 and 5.03 Â 10 À04 , respectively). Further analysis of these four SNPs identified significant (Table 3 ). Imputation analysis of this locus identified three additional SNPs, rs9420318, rs11199914 and rs10736303 that showed similar levels of association with rs3750817 ( Figure 2b ).
DISCUSSION
We reported here GWA and replication studies using a total of 2730 female breast cancer cases and 4613 female controls in the Japanese population to identify common genetic variants susceptible to the HRP breast cancer. The SNP rs6788895 located in the intronic region of the SIAH2 gene on chromosome 3q25.1 revealed a significant association with the HRP breast cancer (P combined of 9.43 Â 10 À08 with OR of 1.22, 95% confidence interval of 1.13-1.31). We further examined the association of rs6788895 with the subgroups of breast cancer. The analysis of two histological subgroups, an invasive papilloductal breast cancer group and a HER2-negative breast cancer group, indicated suggestive associations with P combined of 3.61 Â 10 À07 (OR ¼ 1.24) and with P combined of 6.78 Â 10 À06 (OR ¼ 1.21), respectively (Supplementary Table 3S ). However, rs6788895 showed no association in the GWAS with the hormonal receptornegative group (P trend of 1.03 Â 10 À01 ) or with the HER2-positive breast cancer group (P trend of 1.15 Â 10 À01 ). For further characterization of the chromosome 3q25.1 locus, we imputed genotypes of SNPs that were not genotyped in the GWAS and then examined their associations with HRP breast cancer, but found no SNP showing stronger association than the marker SNP rs6788895 although several SNPs having strong LD with rs6788895 (r 2 40.8) showed similar levels of associations (Figure 2a) . Previous reports implicated possible roles of SIAH2 in breast carcinogenesis and described that SIAH2 expression was highly associated with estrogen receptor levels. 9, [27] [28] [29] In addition, SIAH2 protein was indicated to have an essential role in the hypoxic response by regulating the hypoxia-inducible factor-a. 30 Moreover, SIAH2 was known to induce ubiquitin-mediated degradation of many substrates, including proteins involved in transcriptional regulation (POU2AF1, PML and NCOR1), a cell surface receptor (DCC) and an anti-apoptotic protein (BAG1). These proteins were reported to have some relations to breast cancer by different mechanisms. [31] [32] [33] [34] [35] Recent genetic studies showed that the chromosome 3q25.1 region might have a critical role in some estrogen-dependent diseases such as development of peritoneal leioyomatosis. 36, 37 We also examined the association of previously reported loci with the breast cancer 17-26 using our sample sets and found very moderate association of four genetic variants in our GWAS. Further analysis of these four SNPs identified significant replication of two SNPs, rs3750817 and rs2981579 (P combined ¼ 8.47 Â 10 À8 and 1.77 Â 10 À06 with OR ¼ 1.22 and OR ¼ 1.20, respectively). A T allele for rs3750817 is a protective allele for both Japanese and American populations with comparable ORs (Table 3) .
For characterization of the chromosome 10q26 locus, we imputed genotypes of SNPs that were not genotyped in the GWAS, and examined the associations of these SNPs with HRP breast cancer. As a result, three additional SNPs, rs9420318, rs11199914 and rs10736303 were found to have similar levels of association with rs3750817 ( Figure 2b) . The most strongly associated SNPs are located in intron 2 of the FGFR gene. The intron 2 region contains a highly conserved region and possess the transcription factor binding sites possibly related to the estrogen receptor signaling pathway. 38 FGFR2 encodes a receptor tyrosine kinase and has an important role in human mammary epithelial-cell transformation, 39, 40 suggesting that FGFR2 is a good candidate for breast cancer susceptibility. Subsequent functional analyses are thus essential to pinpoint the causal variants and genes associated with HRP breast cancer. In addition, because breast cancer is multi factorial disease, we could not exclude the possibility that some subjects with undiagnosed early stage of cancers or undiagnosed hormonal-dependent diseases or subject have diseases related to breast cancer might have been included as controls. Hence, this study might not have sufficient power to detect SNPs having very modest effects on susceptibility to HRP breast cancer. In conclusion, our findings, the verification of the association of the FGFR2 to the risk of breast cancer in the Japanese population and the novel identification of significant association of genetic variations in the SIAH2 gene, should contribute to the better understanding of the susceptibility to HRP breast cancer. 
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